Mg-0.7 at%Zn-1.4 at%Y alloys annealed at low temperatures after quenching in water from 520 C were studied by high-resolution transmission electron microscopy (HRTEM) and high-angle annular detector dark-field scanning transmission electron microscopy (HAADF-STEM). Stacking faults, thin bands of a 14H-type long period stacking (LPS) phase and relatively thick bands of LPS were precipitated in -Mg crystalline grains by annealing at 300 C, 400 C and 500 C, respectively. The precipitation of stacking faults, LPS phase and a supersaturated solid solution without any precipitates were reversibly transformed by annealing at low temperatures. It can be concluded that the stacking faults and LPS phase are stabilized by the segregation of Zn and Y from a supersaturated solid solution.
Introduction
Since an Mg 97 Zn 1 Y 2 alloy prepared by a rapid solidification method was found to display a yield strength of 610 MPa and elongation of 5% at room temperature, 1) MgZn-RE (RE: rare earth metals) alloys have received much attention. The excellent mechanical properties of Mg-Zn-Y are considered to result from the coexistence of fine -Mg crystals and dispersed LPS phases, 2) and a similar microstructure consisting of fine -Mg crystals and LPS phases obtained by the hot-extrusion of normally solidified Mg-Zn-Y cast alloys were found to exhibit a high yield strength of about 350 MPa and elongation of 5%.
3) Microstructures composed of -Mg crystals and LPS phases have been found for many Mg-Zn-RE alloys, which can be classified into two types. 4) In type I Mg-Zn-RE (RE ¼ Y, Dy, Ho, Er, Er, Tm) alloys, the LPS phases are formed during solidification, and their morphology cannot be controlled. On the other hand, in type II Mg-Zn-RE (RE ¼ Gd, Tb) alloys, the LPS phases are formed by annealing at high temperatures. Therefore, as for an Mg 97 Zn 1 Gd 2 alloy, various microstructures with precipitates of not only the LPS phase, but also of stacking faults, 0 precipitates and GP-zones are obtained by annealing at various temperatures.
The purpose of the present work was to examine the possibility of microstructure control for Mg-Zn-Y alloys, which belong to the type I alloy system. A supersaturated solid solution with a composition of Mg-0.6 at%Zn-1.1 at%Y was formed by quenching from 520 C, and various morphologies of precipitates, such as dispersed stacking faults and bands of an LPS phase, in -Mg crystals were obtained by the segregation of Zn and Y from the supersaturated solid solution by annealing at low temperatures.
Experimental Procedures
An alloy with a nominal composition of Mg-0.7 at%Zn-1.4 at%Y was prepared by melting Mg (99.99%), Y (99.9%) and Zn (99.9%) with a high frequency induction heater under Ar gas in a carbon crucible. The alloy was quenched in water after annealing at 520 C for 5 h, and then annealed at various temperatures of 300-500 C.
Transmission electron microscopy (TEM) specimens were cut from the annealed alloys, and thinned by mechanical polishing and finally by ion-milling. HRTEM observations were performed by a 400 kV electron microscope (JEM-4000EX) with a resolution of 0.17 nm, and HAADF-STEM images were taken by a 300 kV electron microscopy (TITAN) equipped with a field emission gun in the scanning transmission electron microscope mode. Almost all of HRTEM and HAADF-STEM images were taken using a systematic condition, namely, with one-dimensional diffraction patterns along the c Ã -axis of a hexagonal Mg-matrix, in order to obtain sharp contrasts of stacking faults. SEM observations and electron probe microanalysis (EPMA) were done with an EPMA machine (JXA-8621MX). Figure 1 shows an SEM image of the alloy quenched in water after annealing at 520 C for 5 h. In the image, thin bright regions along grain boundaries and some bright particles inside the matrix grains are Zn-and Y-rich second phases, almost all of which are an LPS phase. The composition of the gray matrix grains was estimated to be Mg-0.6 at%Zn-1.1 at%Y by EPMA. Since no precipitates except for the second phases were observed in -Mg crystalline grains by TEM, it can be concluded that a supersaturated solid solution with a composition of Mg-0.6 at%Zn-1.1 at%Y was formed by quenching from 520 C. Figure 2 shows an HRTEM lattice image of the alloy annealed at 300 C for 5 h after quenching from 520 C. Many stacking faults are observed as sharp line contrasts parallel to the close-packed planes of the hexagonal Mg-matrix. Since close examination of the image shows the existence of stacking faults with both terminations and one termination in addition to extended stacking faults without terminations, it can be concluded that the stacking faults were formed and grew inside the -Mg crystalline grains.
Experimental Results
In order to examine the property of stacking faults, HRTEM structure images were taken with the incident beam parallel to the [110] direction of the hexagonal Mgmatrix, as shown in Fig. 3 . Most all of stacking faults are intrinsic ones with stacking sequences of ABAB " CACA and ABABA " CBCB (": a stacking fault plane), as can be seen in the stacking faults referred as I in Fig. 3 , and extrinsic stacking faults with an ABAB " C " ABAB sequence, which can be seen in the stacking fault referred as E in Fig. 3 , were occasionally observed.
The stacking faults are represented as bright lines in HAADF-STEM observations, as shown in Fig. 4(a) , and consequently, the segregation of heavy atoms, such as Zn and Y, occurs around the stacking faults. The atomic scaled HAADF-STEM image of Fig. 4(b) clearly shows the existence of two Zn-and Y-rich atomic planes, which are represented as bright fringes in the figure, sandwiching the stacking fault plane indicated by arrows. This feature has already been observed in an LPS phase of Mg-Zn-Y 2) and stacking faults of Mg-Zn-Gd alloys. 5) Figure 5 shows an HRTEM lattice image of the alloy annealed at 400 C for 5 h after quenching from 520 C. In the image, thin bands with periodic arrays of stacking faults, namely, thin bands of an LPS phase, can be seen in -Mg crystalline grains. Diffraction patterns and HRTEM observations show that the LPS phase is a 14H-type one consisting of a periodic array of stacking faults with an interval of 7c 0 (c 0 : a lattice constant of the hexagonal unit cell of the Mgmatrix).
6) It should be noted here that most LPS bands consist of arrays of stacking faults with an interval of 7c 0 , even if they are formed with two or three stacking faults, as can be seen in Figs. 4(b) and 5(b) . Figure 6 shows an HRTEM lattice image of the alloy annealed at 500 C for 5 h after quenching from 520 C. In the image, relatively thick bands of the LPS phase can be seen. Figure 7 shows distributions of the number of stacking faults arrayed with an interval of 7c 0 . In the alloy annealed at 300 C, almost all of the stacking faults are isolated, but a few are paired. Thin LPS bands with arrays of 2-7 stacking faults and relatively thick LPS bands with 4-18 stacking faults are observed in alloys annealed 400 C and 500 C, respectively.
In order to examine the stability of stacking faults and LPS bands precipitated in -Mg crystalline grains, re-annealed alloys were investigated. The stacking faults in the alloy annealed at 300 C for 5 h were transformed into the bandshaped LPS phase, which is nearly the same as the image of Fig. 6 , by re-annealing at 500 C for 5 h. The band-shaped LPS phase in the alloy annealed at 500 C for 5 h were transformed into dispersed stacking faults, which is nearly the same as the image of Fig. 2 , by re-annealing at 300 C for 5 h. The results show that the stacking faults and band-shaped LPS phase are stable morphologies of precipitates at each temperature. Also, the stacking faults and LPS bands disappeared by re-annealing at 520 C for 5 h. That is, Zn and Y segregated by annealing at low temperatures redissolved in -Mg crystals by re-annealing at 520 C, and consequently the stacking faults and LPS bands cannot be stabilized. This result shows that the stacking faults and LPS phase are formed by the segregation of Zn and Y in a supersaturated solid solution. This conclusion is confirmed by the distribution density of stacking faults depending on annealing temperature, as shown in Fig. 8. In Fig. 8 , the total number of stacking faults, both isolated and in the form of LPS bands, in a length of 1 mm along the c-axis is shown in relation to annealing temperatures. The distribution density of stacking faults decreases with increasing solubility limit, namely, with decreasing amounts of segregated Zn and Y at elevated temperatures. 
Summary
A supersaturated solid solution of -Mg with a composition of Mg-0.6 at%Zn-1.1 at%Y was obtained by quenching in water from 520 C for the Mg-0.7 at%Zn-1.4 at%Y alloy. Stacking faults, thin bands of a 14H-type LPS phase and relatively thick bands of LPS were precipitated in -Mg crystalline grains by annealing the supersaturated solid solution at 300 C, 400 C and 500 C, respectively. By reannealing the alloy, it was found that these precipitates and the supersaturated solid solution with no precipitates are reversibly transformed by changing annealing temperatures. The result suggests that the stacking faults and LPS phase are stabilized by the segregation of Zn and Y from the supersaturated solid solution by annealing at low temperatures. The present investigation, therefore, demonstrates that one can control the microstructure of Mg-Zn-Y alloy by selecting annealing temperature.
